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Abstract

An in
ationary stage dominated by a D-term avoids the slow-roll problem

of in
ation in supergravity and can naturally emerge in theories with a non-

anomalous or anomalous U(1) gauge symmetry. In the latter case, however,

the scale of in
ation as imposed by the COBE normalization is in contrast

with the value �xed by the Green-Schwarz mechanism of anomaly cancella-

tion. In this paper we discuss possible solutions to this problem and comment

about the fact that the string-loop generated Fayet-Iliopoulos D-term may

trigger the presence of global and local cosmic strings at the end of in
ation.
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1. It is commonly accepted that in
ation [1] looks more natural in supersymmetric the-

ories rather in non-supersymmetric ones. This is because the necessity of introducing very

small parameters to ensure the extreme 
atness of the in
aton potential seems very unnatu-

ral and �ne-tuned in most non-supersymmetric theories, while this naturalness is achieved in

supersymmetric models. The nonrenormalization theorems in exact global supersymmetry

guarantee that we can �ne-tune any parameter at the tree-level and this �ne-tuning will not

be destabilized by radiative corrections at any order in perturbation theory [2]. This is the

advantage of invoking supersymmetry. There is, however, a severe problem one has to face

when dealing with in
ation model building in the context of supersymmetric theories. The

generalization of supersymmetry from a global to a local symmetry automatically incorpo-

rates gravity and, therefore, in
ation model building must be considered in the framework

of supergravity theories.

In small-�eld models of in
ation (values of �elds smaller than the reduced Planck scale

MPl ' 2:4 � 1018 GeV), where the theory is under control, it is reasonable to work in the

context of supergravity. This is a relatively recent activity because although small-�eld

models were the �rst to be proposed [3, 4] they were soon abandoned in favour of models

with �elds �rst of order the Planck scale [5] and then much bigger [6]. Activity began again

after hybrid in
ation was proposed [7, 8], with the realization [9] that the model is again

of the small-�eld type. In Ref. [9] supersymmetric implementations of hybrid in
ation were

considered, in the context of both global supersymmetry and of supergravity.

The supergravity potential is rather involved, but it can still be written as a D-term

plus an F -term, and it is usually supposed that the D-term vanishes during in
ation. Now,

for models where the D-term vanishes, the slow-roll parameter � = M2
PlV

00=V generically

receives various contributions of order �1. This is the so-called �-problem of supergravity

theories. This crucial point was �rst emphasized in Ref. [9], though it is essentially a special

case of the more general result, noted much earlier [10, 11], that there are contributions

of order �H2 to the mass-squared of every scalar �eld. Indeed, in a small-�eld model the

troublesome contributions to � may be regarded as contributions to the coe�cientm2 in the

expansion of the in
aton potential. Therefore, it is very di�cult to naturally implement a

slow-roll in
ation in the context of supergravity. The problem basically arises since in
ation,

by de�nition, breaks global supersymmetry because of a nonvanishing cosmological constant

(the false vacuum energy density of the in
aton). In supergravity theories, supersymmetry

breaking is transmitted by gravity interactions and the squared mass of the in
aton becomes
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naturally of order of V=M2
Pl � H2. The perturbative renormalization of the K�ahler potential

is therefore crucial for the in
ationary dynamics due to a non-zero energy density which

breaks supersymmetry spontaneously during in
ation. How severe the problem is depends

on the magnitude of �. If � is not too small then its smallness could be due to accidental

cancellations. Having � not too small requires that the spectral index n = 1 � 6� + 2�

(� = 1

2
M2

Pl(V
0=V )2 is another slow-roll parameter) be not too small, so the observational

bound jn� 1j < 0:3 is already beginning to make an accident look unlikely.

2. Several proposals to solve the �-problem already exist in the literature [12]. One

of the most promising solutions is certainly D-term in
ation [13, 14, 15]. It is based on

the observation that � gets contributions of order 1 only if in
ation proceeds along a D-


at direction or, in other words, when the vacuum energy density is dominated by an F -

term. On the contrary, if the vacuum energy density is dominated by nonzero D-terms and

supersymmetry breaking is of the D-type, scalars get supersymmetry soft breaking masses

which depend only on their gauge charges. Scalars charged under the corresponding gauge

symmetry obtain a mass much larger than H, while gauge singlet �elds can only get masses

from loop gauge interactions. In particular, if the in
aton �eld is identi�ed with a gauge

singlet, its potential may be 
at up to loop corrections and supergravity corrections to �

from the F -terms are not present.

If the theory contains an abelian U(1) gauge symmetry (anomalous or not), the Fayet-

Iliopoulos D-term term

�
Z
d4� V = �D (1)

is gauge invariant and therefore allowed by the symmetries. It may lead to D-type supersym-

metry breaking. It is important to notice that this term may be present in the underlying

theory from the very beginning or appears in the e�ective theory after some heavy de-

grees of freedom have been integrated out. It looks particularly intriguing, however, that

an anomalous U(1) symmetry is usually present in string theories [16]. The corresponding

Fayet-Iliopoulos term is [17]

� =
g2

192�2
TrQM2

Pl; (2)

where TrQ 6= 0 indicates the trace over the U(1) charges of the �elds present in the spectrum

of the theory. The U(1) group may be assumed to emerge from string theories so that and

the anomaly is cancelled by the Green-Schwarz mechanism. In such a case
p
� is expected

to be of the order of the stringy scale, (1017 � 1018) GeV or so.
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Let us remind the reader how D-term in
ation proceeds [14, 15]. To exemplify the

description, let us take the toy model containing three chiral super�elds S, �+ and ��

with charges equal to 0, +1 and �1 respectively under the U(1) gauge symmetry. The

superpotential has the form

W = �S�+��: (3)

The scalar potential in the global supersymmetry limit reads

V = �2jSj2
�
j��j2 + j�+j2

�
+ �2j�+��j2 + g2

2

�
j�+j2 � j��j2 + �

�2
(4)

where �� are the scalr �elds of the supermultplets ��, g is the gauge coupling and � > 0

is a Fayet-Iliopoulos D-term. The global minimum is supersymmetry conserving, but the

gauge group U(1) is spontaneously broken

hSi = h�+i = 0; h��i =
q
�: (5)

However, if we minimize the potential, for �xed values of S, with respect to other �elds,

we �nd that for S > Sc =
g
�

p
�, the minimum is at �+ = �� = 0. Thus, for S > Sc and

�+ = �� = 0 the tree level potential has a vanishing curvature in the S direction and large

positive curvature in the remaining two directions m2
� = �2jSj2 � g2� For arbitrarily large

S the tree level value of the potential remains constant V = g2

2
�2 and the S plays the role

of the in
aton. As stated above, the charged �elds get very large masses due to the D-term

supersymmetry breaking, whereas the gauge singlet �eld is massless at the tree-level.

What is crucial is that, along the in
ationary trajectory �� = 0, S � Sc, all the F -terms

vanish and large supergravity corrections to the �-parameter do not appear. Therefore , we

do not need to make any assumption about the structure of the K�ahler potential for the

S-�eld: minimalS�S and non-minimal quartic terms in the K�ahler potential (S�S)2 (or even

higher orders) do not contribute in the curvature, since FS is vanishing during in
ation.

Since the energy density is dominated by the D-term, supersymmetry is broken and

this amounts to splitting the masses of the scalar and fermionic components of ��. Such

splitting results in the one-loop e�ective potential for the in
aton �eld

V1�loop =
g2

2
�2
 
1 +

g2

16�2
ln
�2jSj2
Q2

!
: (6)

The end of in
ation is determined either by the failure of the slow-roll conditions or when

S approaches Sc. COBE imposes the following normalization
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5:3� 10�4 =
V 3=2

V 0M3
Pl

(7)

which can be written in the equivalent form

V 1=4

�1=4
= 8� 1016 GeV: (8)

More or less independently of the value of jSj at the end of in
ation, this gives with the

above potential

q
� = 6:6� 1015 GeV: (9)

Notice that his normalization is independent from the gauge coupling constant g, but de-

pends on the numerical coe�cient in the one-loop potential. This, in turn, depends upon

the particle content of the speci�c model under consideration.

The spectral index results

n = 1� 2

N
= (0:96 � 0:98): (10)

Now, the value of � looks too small to be consistent with the value arising in many com-

pacti�cations of the heterotic string [17] (even though some level of 
exibility is allowed in

M-theory [18]).

The stabilisation of the dilaton �eld is also an unsolved problem in heterotic string

theories. One may ask whether the value of
p
� required by density perturbations can

be motivated by a realistic string theory. At this point uncertainties come from the fact

that � is always treated as constant (up to a coarse-graining scale dependence through the

gauge-coupling). This is certainly justi�ed in the e�ective �eld theory approach in which

� is treated as an input parameter. In string theories the gauge and gravitational coupling

constants are set through the expectation value of the dilaton �eld and the Fayet-Iliopoulos

D-term actually is a function of the real part of the dilaton �eld. Since the dilaton potential

most likely is strongly in
uenced by the in
ationary dynamics, the actual value of � at the

moment when observationally interesting scales crossed the horizon during in
ation might

be quite di�erent from the one "observed" today. It seems that entire question is related

to the problem of the dilaton stabilization and it is hard to make any de�nite statement

without knowing the details of the dilaton dynamics during in
ation. All the estimates

made above are valid within an e�ective �eld theory description, in which the gauge and
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gravitational constants can be treated as parameters whose in
aton-dependence arises from

the coarse-graining scale-dependence [19, 20].

3. One might ask if the COBE normalization permits a bigger �, if the slope of the

potential is altered. Before looking at a couple of speci�c possibilities, we note the general

point that a dramatic increase will not be possible, unless g is very small. The reason is

that slow-roll in
ation requires � � 1, so that the COBE normalization requires V
1=4
0 �

8 � 1016GeV. In fact, barring a cancellation, the observational result jn � 1j �< 0:2 requires

6� �< 0:2, corresponding to V 1=4 �< 3:4� 1016GeV. This translates to

�1=2 �<
4:1 � 1016

g1=2
GeV; (11)

but g2=4� � 0:1 would correspond to g � 1, and to increase �1=2 much above 4 � 1016GeV

requires an unreasonably small g2.

Still the extra order of magnitude is worth having, so let us see how it might be done.

One possibility is to increase the numerical coe�cient c in front of the one-loop term. If

we rewrite the one-loop e�ective potential as V1�loop � V0 (1 + cg2 ln jSj), c = (1=8�2) in

the example above. This coe�cient depends upon the number of degrees of freedom which

are coupled to the �eld playing the role of the in
aton and is expected to be quite large,

especially if the theory is embedded in some grand uni�ed gauge group. For instance, the

super�elds �� might be interepreted as 126 and 126 Higgs super�elds of SO(10) and there

might be more the one vector-like pair coupled to the S-�eld.

It is easy to show that the COBE normalization gives �1=2 / c1=4, so a reasonable value

8�2c � 100 would give us a modest increase to �1=2 ' 2 � 1016GeV.

Another possibility is to suppose that the V 0 is dominated by a tree-level term. The sim-

plest possibility is mass term, VS � 1
2
fm2�2 where � � p2jSj is the in
aton �eld. This term

may be easily generated. It might be present in the theory under the form of supersymmet-

ric mass. Otherwise, imagine that in some sector of the underlying theory supersymmetry

is broken by some F -term. Supersymmetry breaking may be communicated to the S-�eld

by gravitational interactions1 and in this case fm2 � F 2=M2
Pl. Another possibility is that

supersymmetry breaking is transmitted by gauge interactions (with gauge group G). In this

case, the sector which breaks supersymmetry is assumed to �rst trasmit supersymmetry

1In this case the �elds �� get also the same mass em, but it is easy to show that, in the regime

we will be working, its presence doesn't a�ect the main conclusions.
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breaking to some �elds (usually called the messangers) charged under G by gauge interac-

tions. In turn, these messangers are coupled to the �eld S which receives a nonvanishing

soft supersymmetry breaking squared mass term at two-loops, fm2 � �2GF , where �G is the

gauge coupling constant.

If � � p2jSj is the in
aton �eld, the potential during in
ation is

V = V0 + VS + V1�loop; (12)

where

V0 � g2

2
�2; (13)

VS � 1

2
fm2�2; (14)

V1�loop � (8�2c)
g4�2

16�2
ln

 
��p
2Q

!
: (15)

The derivatives are

V 0
S = fm2�; (16)

V 0
1�loop = (8�2c)

g4�2

16�2
1

�
: (17)

We want to suppose that V 0
1�loop � V 0

S in the interval of interest, which is

2
g2

�2
� < �2 < 2

g2�2

�2
e2x; (18)

where the lower end corresponds to �2c and x is de�ned as x = N(n � 1)=2, N being the

number of e-folds after the COBE scale leaves the horizon. If this is satis�ed we shall also

have V 00
1�loop � V 00

S . Also, the loop contribution at the end of in
ation will then be

V1�loop
V0

' (8�c2)
g2

8�2
(19)

which is much smaller than 1 for any reasonable choice of parameters. Thus, if Eq. (18) is

satis�ed, the loop is negligible in all respects.

We also want to assume that V0 dominates in the interval of interest, because otherwise

the COBE normalization will need � �> MPl making it unreasonable to assume a constant

fm. This requires

fm�
g�

� 1: (20)
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Then the COBE normalization can be written

�1=2

MPl

= 3� 10�4(n� 1)
ex

�
: (21)

We used the result n� 1 = 2�, thus ignoring �.

One can verify that Eqs. (18) and (20), with the COBE condition, can be written

�1=2max(8�
2c)1=2e�x=2 � �1=2 � �1=2max; (22)

where

�1=2max =� 2:3� 10�2g�1=2(n� 1)1=4MPl (23)

= (3:6 � 1016GeV)
�
n� 1

2

�1=4
g�1=2: (24)

The lower limit is indeed lower than the upper limit for reasonable parameter. This con-

�rms the general conclusion, that the combination (g�)1=2 cannot be bigger than a few

times 1016GeV. Note that as the upper limit is approached, � becomes signi�cant which

complicates matters, but barring �ne tuning this will not change the general conclusion.

Another possible solution to the mismatching between the value suggested by string

theories and the one imposed by the COBE normalization is to completely decouple the

origin of � from string theories and to envisage that the D-term is generated in some low-

energy e�ective theory after some degrees of freedom have been integrated out. However, to

do so, one has presumably to break supersymmetry by some F -terms present in the sector

which the heavy �elds belong to and to generate theD-term by loop corrections. As a result,

it turns out that hDi � hF 2i, unless some �ne-tuning is called for, and large supergravity

corrections to � appear again. Let us give an example. Consider the following superpotential

where a U(1) symmetry has been imposed

W = �X
�
��1�1 �m2

�
+M1

��1�2 +M2
��2�1 : (25)

For �2m2 � M2
1 ;M

2
2 , the vacuum of this model is such that h�ii = h��ii = 0 (i = 1; 2),

where ��i and �i are the scalar components of the super�elds ��i and �i, respectively. Su-

persymmetry is broken and FX = ��2m2. This means that in the potential a term like

V = (FX ��1�1 + h:c:) will appear. It is easy to show that, integrating out the �i and ��i

scalar �elds, induces a a nonvanishing Fayet-Iliopoulos D-term

� ' F 2
X

16�2(M2
1 �M2

2 )
ln

 
M2

2

M2
1

!
; (26)
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which is, however, smaller than FX and in
ation, if any, is presumably dominated by the

F -term.

4. Another point we would like to comment on is the following: when the �eld �� rolls

down to its present day value h��i =
p
� to terminate in
ation, cosmic strings may be form

since the abelian gauge group U(1) is broken to unity [21]. As it is known, stable cosmic

strings arise when the manifold M of degenerate vacua has a non-trivial �rst homotopy

group, �1(M) 6= 1. The fact that at the end of hybrid in
ationary models the formation of

cosmic strings may occur was already noticed in Ref. [22] in the context of global supersym-

metric theories and in Ref. [23] in the context of supergravity theories. In D-term in
ation

the string per-unit-length is given by � = 2��. Cosmic strings forming at the end of D-term

in
ation are very heavy and temperature anisotropies may arise both from the in
ation-

ary dynamics and from the presence of cosmic strings. From recent numerical simulations

on the cosmic microwave background anisotropies induced by cosmic strings [24, 25] it is

possible to infer than this mixed-perturbation scenario [23] leads to the COBE normalized

value
p
� = 4:7 � 1015 GeV [21], which is of course smaller than the value obtained in the

absence of cosmic strings. Moreover, cosmic strings contribute to the angular spectrum an

amount of order of 75% in D-term in
ation [21], which might render the angular spectrum,

when both cosmic strings and in
ation contributions are summed up, too smooth to be in

agreement with present day observations [24, 25].

All these considerations and, above all, the fact that the value of
p
� is further reduced

with respect to the case in which cosmic strings are not present, would appear to exacerbate

the problem of reconciling the value of
p
� suggested by COBE with the value inspired by

string theories when cosmic strings are present. However, even though cosmic strings are

generally produced, this is not always true. If there is an anomalous U(1) factor in the

four-dimensional gauge group, since the Yukawa couplings respect the anomalous U(1), this

becomes global, the local symmetry being broken by the mass of the gauge boson. The global

U(1) can be spontaneously broken by the Fayet-Iliopoulos D-term. This can be understood

in the following way: the Fayet-Iliopoulos D-term depends upon the value of the dilaton

and the gauge anomalous U(1) is always broken through the dilaton vacuum expectation

value. Indeed in the e�ective �eld theory the U(1) symmetry is realised nonlinearly from the

very beginning. So whenever e�ective �eld theory makes sense the anomalous U(1) gauge

symmetry is already broken and gauge bosons are massive. More formally, the relevant

couplings of the dilaton super�eld s to the U(1) gauge super�eld V (with gauge invariant
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�eld strengths W �) read in the global limit

L = �
Z
d4� ln

�
s+ sy � �GSV

�
+
Z
d2�

�
s

4
kTrW �W� + h:c:

�
(27)

where �GS is the Green-Schwarz coe�cient and k is the Kac-Moody level of the group U(1).

Under a U(1) gauge transformation A� ! A� + @��, s is shifted as

s! s+
i

2
�GS�(x): (28)

The gauge boson gets a mass in string theory eating the model-independent axion and the

residual anomalous global U(1) may be spontaneously broken by the Fayet-Iliopoulos D-

term, in which case global cosmic strings are formed. Moreover, in realistic four-dimensional

string models, there are extra local U(1) symmetries that can be also spontaneously bro-

ken by the D-term. This happens necessarily if there are no singlet �elds charged under

the anomalous U(1) only. In such a case, besides the previously mentioned global cosmic

strings, there may arise local cosmic strings associated to the breaking of extra U(1) factors.

However, the condition to produce cosmic strings is �1(M) 6= 1 and one must consider the

structure of the whole potential, i.e. all the F -terms and all the D-terms. When this is done,

it turns out that, depending on the speci�c models, some or all of the (global and local)

cosmic strings may disappear. In general there can be models with anomalous U(1) that

have just global strings, just local strings, both global and local strings or, more important,

no strings at all [26]. The latter case is, to our opinion, the most prefer able case since

the presence of cosmic strings renders the problem of reconciling the COBE normalized low

value of � with the one suggested by string theory even worse.

In the case in which the Fayet-Iliopoulos D-term is present in the theory from the very

beginning because of anomaly-free U(1) symmetry and not due to some underlying string

theory, the value
p
� � 1015 GeV is very natural and is not in con
ict with the presence of

cosmic strings. The only shortcoming seems to be a too smooth angular spectrum because

cosmic strings may provide most contribution to the angular spectrum. If this problem is

taken seriously and one wants to avoid the presence of cosmic strings, a natural solution to

it is to assume that the U(1) gauge group is broken before the onset of in
ation so that no

cosmic strings will be produced whn �� rolls down to its ground state. This may be easily

achieved by introducing a pair of vector-like (under U(1)) �elds 	 and �	 and two gauge

singlets X and � with a superpotential of the form
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W = X
�
��		�M2

�
+ �� �	�+ + �S�+��; (29)

where M is some high energy scale, presumably the grand uni�ed scale. It is easy to show

that the scalar components of the two-vector super�elds acquire vacuum expectation values

h i = h � i = M , and hXi = h�i = 0) which leave supersymmetry unbroken and D-term

in
ation una�ected. In this example, cosmic strings are produced prior to the onset of

in
ation and subsequently diluited.

In conclusion, an in
ationary stage dominated by a D-term avoids the slow-roll problem

of in
ation in supergravity and can naturally emerge in theories with a non-anomalous or

anomalous U(1) gauge symmetry. In the latter case, however, we have shown that the scale

of in
ation as imposed by the COBE normalization is in contrast with the value �xed by

the Green-Schwarz mechanism of anomaly cancellation. We have discussed di�erent possible

solutions to this problem, e.g. the inclusion of a new term in the tree-level potential. We have

also commented on the fact that at the end of in
ation global and local cosmic strings may

be generated. If so, cosmic strings generate density perturbations which, in turn, lowers the

COBE normalized value of � and exacerbate the problem of reconciling this value with the

one suggested by string theory. However, as we pointed out, this is a very model-dependent

issue and should be analyzed case by case.
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